[1] The NOAA Geophysical Fluid Dynamics Laboratory three-dimensional Global Chemical Transport Model (GFDL GCTM) is used to examine the winter-spring evolution of pollution (fossil fuel combustion and biomass burning) from South and Southeast Asia with special focus on the Indian Ocean region. We find that during the monsoonal winterspring outflow, pollution over the Indian Ocean north of the ITCZ is concentrated in the maritime boundary layer and originates from both regions. South Asian emissions dominate over the Arabian Sea and the Western Indian Ocean, while the Southeast Asian emissions have the greatest impact over the Bay of Bengal and Eastern Indian Ocean. Over these oceanic regions, CO pollution in both source regions, most of which is from biomass burning, accounts for 30-50% of the boundary layer CO. It is transported equatorward from South and Southeast Asian source regions and episodically lofted into the upper troposphere by tropical convection events. This transport path has a noticable impact (10-20%) on total CO at 300 mb and produces a maximum in a tropical belt over and north of the ITCZ. Another free troposphere transport path, primarily open to Southeast Asian emissions, carries CO from that region out over the North Pacific and around the Northern Hemisphere. O 3 production is driven by NO x , which, unlike CO, comes almost equally from biomass burning and fossil fuel combustion in this region and has a chemical lifetime of a few days or less. The resulting NO x distributions, while qualitatively similar to CO, have much steeper gradients, are transported much less widely, have a much lower background, and over the Indian and Pacific Oceans, are strongly dominated by pollution. O 3 resulting from these anthropogenic sources generally exhibits patterns similar to those found for CO and NO 
Introduction
[2] The increasing levels of greenhouse gases, as well as radiatively active aerosols, in the Earth's climate system are observed to be a direct consequence of human activities.
These activities also lead to anthropogenic emissions of NO x , CO, and VOCs, which generate tropospheric O 3 , a greenhouse gas and a key secondary pollutant playing a very important role in the formation of OH, the primary atmospheric oxidant [e.g., Intergovernmental Panel on Climate Change (IPCC), 2001].
[3] Anthropogenic NO x emissions from Asia, which are currently dominated by fossil fuel combustion [e.g., van Aardenne et al., 1999] , domestic biofuel use [Streets and Waldhoff, 1998] , and seasonal open-field biomass burning , are of particular concern because of rapid economic development and population growth in the region (http://www.worldbank.org/data). It is expected that future NO x emissions from Asia will exceed those from Europe and North America combined. For example, van Aardenne et al. [1999] estimate that Asian NO x emissions from fossil fuel combustion will increase from $6 TgN/yr in 1990 to >25 TgN/yr in 2020 under a no-further-control scenario, although revised estimates indicate a values <20 TgN/yr (D. G. Streets, personal communications) . In comparison the worldwide amount in the mid-1980s through early 1990s was $25 TgN/yr [e.g., Benkovitz et al., 1996; Olivier et al., 1996] . O 3 concentrations in the lower troposphere have already increased significantly in India [Naja and Lal, 1996] , and the impact of South and Southeast Asian pollution on the pristine Indian Ocean is currently a very active area of research .
[4] The meteorology over South Asia is dominated by the existence of two major flow regimes characterized by a complete reversal of low level winds driven by a land-ocean heat gradient. These winter (summer) monsoons are caused by high (low) pressure over land leading to clear sky (cloudy) conditions and persistent northeasterly (southwesterly) airflows. Particularly, during the winter monsoon (between December and March), flows emanating from the landmass of Asia are very shallow north-northeasterlies that turn rapidly with altitude and have a strong westerly component above the boundary layer ($2 km) [e.g., Krishnamurti et al., 1997a] . This wintertime flow from South Asia is responsible for the cross-equatorial transport between the polluted north and the pristine south affected by eddies at the ITCZ [Krishnamurti et al., 1998 ]. Krishnamurti et al. [1998] have also shown that high concentrations of aerosols over the ocean are a result of three meteorological factors: strong surface northerly wind flow; a shallow boundary layer (400 -800 m thick); and general subsidence which suppresses rainfall over South Asia thus minimizing wet removal. Further, Krishnamurti et al. [1997b] carrying out passive tracer studies during the winter monsoon identified three major regions of inflow to the ITCZ: Arabian sea, Bay of Bengal and Southeastern Indian Ocean. This equatorward monsoonal flow over the North Indian Ocean into the convectively active ITCZ provides an efficient mechanism for transporting surface pollution from South Asia into the tropical upper troposphere/lower stratosphere where, because of stronger winds and longer lifetimes, rapid longrange transport can occur.
[5] Although there exist sporadic measurements of trace chemical species over South Asia, until recently there were few chemical measurements over the Indian Ocean. Surface ozone measurements carried out on the Soviet American Gases and Aerosols (SAGA) cruise during May -June 1987 in the eastern Indian Ocean found $10 ppbv near the equator increasing rapidly to $30 ppbv at 30°N [Johnson et al., 1990] . Recent ship measurements during spring 1996 indicated sharp increases in CO, CO 2 and aerosol surface concentrations from the southern to the northern Indian Ocean approaching South Asia [Rhoads et al., 1997] . CO increased from background levels of $50 ppbv in the southern hemisphere to >120 ppbv north of the equator, aerosol concentrations increased by a factor of 4, and surface ozone exhibited a latitudinal gradient with a minimum ($6 ppbv) near the equator. In another study, Lal et al. [1998] reported similar findings with CO as high as 200 ppbv near coastal India and O 3 levels increased from <10 ppbv at the equator to $100 ppbv near the coast. Furthermore, their ozone levels correlated well with aerosol mass data indicating a common source and transport pathway.
[6] Recently, extensive measurements from a variety of platforms were carried out as a part of the Indian Ocean Experiment (INDOEX) with understanding the radiative forcing of atmospheric aerosols on a regional and global scale as its primary objective [Ramanathan et al., 1996] . Along with aerosols, CO and O 3 were also measured. The field campaign provided startling evidence of the presence of substantial amounts of particulate matter and gaseous pollution in the air masses arriving over the Indian Ocean from South Asia. In addition, a thick extensive haze layer was also persistently observed over the Northern Indian Ocean with clear skies south of the ITCZ . Surface level measurements of CO and O 3 during the Intensive Field Phase (IFP-99) of INDOEX exhibited a decreasing concentration of both species from the northern to the southern Indian Ocean. Ozone mixing ratios ranged from 50-70 ppbv near the Indian coast to as low as 5 ppbv south of the ITCZ. Similarly, CO levels ranged from $300 ppbv in the north to $50 ppbv in the south. Meteorological analysis during the IFP-99 indicated the presence of four preferred lower tropospheric paths of airflow in the Indian Ocean region. They were labeled the ''Southeast Asia plume'', ''Indo-Gangetic plume'', ''Bombay plume'' and ''Arabia plume'' .
[7] In this paper, we use the GFDL GCTM to examine the various transport pathways and associated pollution sources that influence the trace gas composition over the Indian Ocean during the northern hemisphere winter-spring monsoon season (January, February and March -JFM), the same season as the INDOEX campaign. We focus on quantifying the contributions of anthropogenic emissions from South and Southeast Asia to the observed levels of NO x , CO and O 3 over the Indian Ocean and, in the case of Southeast Asia, also over the North Pacific.
Global Chemical Transport Model (GCTM)
[8] The NOAA Geophysical Fluid Dynamics Laboratory Global Chemical Transport Model (GFDL GCTM) is employed, in separate integrations, to simulate global fields of carbon monoxide (CO), nitrogen oxides (NO x ), and ozone (O 3 ). The GCTM has a horizontal resolution of $265 km Â 265 km and 11 sigma (terrain following) levels from the surface to 10 mbar [see Mahlman and Moxim, 1978; Levy et al., 1982 Levy et al., , 1985 Levy and Moxim, 1989] . The model is driven by 12 months of 6-hour time-averaged wind, temperature, and precipitation fields from a general circulation model (see Manabe et al. [1974] and Manabe and Holloway [1975] for details of the parent GCM). Although neither the parent GCM nor the GCTM contain diurnal insolation or interannual variability, the self-consistent three-dimensional wind, temperature, and precipitation fields realistically simulate large-scale regional and global transport [Moxim, 1990; Moxim et al., 1996] . While able to simulate large-scale synoptic features of weather, finer subgrid-scale processes are represented by diffusion-based parameterizations for horizontal subgrid-scale transport, vertical subgrid-scale transport due to moist and dry convection, and shear-dependent mixing in the boundary layer [see Levy et al., 1982; Kasibhatla et al., 1996; Levy et al., 1999 , and references therein].
CO, NO x , and O 3 Simulations
[9] The GCTM simulation of CO includes sources from biomass burning (748 Tg CO/yr), fossil fuel (300 Tg CO/ yr), biogenic hydrocarbon oxidation (683 Tg/yr), and CH 4 oxidation (758 Tg/yr) with OH oxidation of CO providing the only sink (see Holloway et al. [2000, and references therein] for details).
[10] The GCTM simulation of reactive nitrogen transports three families of tracers, NO x , peroxyacetyl nitrate (PAN), and nitric acid (HNO 3 ); represents the chemical interconversions among them by effective first-order rate coefficients that have been precalculated off-line; removes HNO 3 by wet deposition and all three by dry deposition; and includes sources from fossil fuel (22.4 Tg N/yr), biomass burning (7.8 Tg N/yr), soil-biogenic emission (5 Tg N/yr), lightning (4 Tg N/yr), aircraft emissions (0.45 Tg N/yr), and stratospheric injection (0.65 Tg N/yr) (see Levy et al. [1999] and Galanter et al. [2000] for details).
[11] The GCTM simulation of tropospheric O 3 chemistry [Yienger et al., 2000 [Yienger et al., , 1999 Levy et al., 1997; Klonecki and Levy, 1997; Kasibhatla et al., 1996] contains the following four components. Irreversible stratospheric injection of O 3 (629 Tg O 3 /yr) is driven by the GCTM's tropospheric meteorology, while its lower-stratospheric ozone values are relaxed, with a 10-day lifetime, to those simulated by the GFDL SKYHI GCM [Hamilton et al., 1995; L. Perliski, private communication, 1997] . The CH 4 -CO/Acetone-H 2 O-NO x based 24-hour averaged rates of ozone production and destruction in the background troposphere (NO x <200 parts per trillion by volume (pptv) and/or isoprene <100 pptv) are interpolated each time step from precalculated FEOM (Fully Equivalent Operational Model) tables [Wang et al., 1999] using the model's instantaneous O 3 levels, 6-hour sampled NO x and CO concentrations from simulations described above, and monthly averaged observations of H 2 O [Oort, 1983; Soden and Bretherton, 1996] . When NO x exceeds 200 pptv and isoprene exceeds 100 pptv in the polluted boundary layer, ozone net production employs an empirical relationship between NO x conversion and O 3 production based on midlatitude observations and theoretical studies Levy et al., 1997, and references therein] . Surface dry deposition, which depends on month and vegetation [Matthews, 1983] , is calculated using a drag-coefficient formulation for surface exchange [Levy and Moxim, 1989] and a standard resistance-in series model for deposition velocities [Wesely and Hicks, 1977; Wesely, 1989] .
Asian Emissions
[12] The two emission regions in this study, South Asia (India, Pakistan, Bangladesh, Nepal, Sri Lanka) and Southeast Asia (Myanmar, Cambodia, Thailand, Laos, Vietnam, southeastern China) are shown in Figure 1 of Galanter et al. [2000] as regions 9 and 8, respectively. CO and NO x emission intensities over South Asia are particularly high in the densely populated Gangetic plains and in southern India. Over Southeast Asia, large emissions occur over Bangkok, Singapore and southeastern China. The export of pollution to the Indian Ocean will be strongly affected by this regional distribution. For example, one of the four prominent transport paths noted during the IFP-99 of INDOEX was from the Gangetic plains of India. This in conjunction with the high emission intensities could result in large export of pollution plumes to the ITCZ.
[13] Unlike Europe and North America, where anthropogenic emissions are largely from fossil fuel combustion, in Asia emissions from biofuels and biomass burning play a key role in the regional photochemistry. A breakdown of the source categories of CO and NO x over South and Southeast Asia is presented in Figure 1 . As seen in the figure, both CO and NO x emissions exhibit strong seasonality with an early spring peak and a late fall minimum. This seasonality is a result of emissions from biomass burning (forest fires, agricultural waste residue and savannah burning) that occurs mostly during the dry winter-spring months. Fortunately for the inhabitants, meteorology strongly correlates this biomass burning season with a winter monsoon that ventilates the region out over the Indian Ocean.
[14] Monthly mean NO x emissions range from 0.12 TgN in late fall to $0.2 TgN in spring over South Asia, whereas those over Southeast Asia vary between $0.05 TgN in late fall and $0.13 TgN in spring. During the spring biomass burning season, only $1/2 of the South Asian and $1/3 of Southeast Asian NO x emissions come from fossil fuel combustion, while it dominates during summer and fall. For CO, there is a twofold increase in emissions over South Asia from $5 Tg in summer and fall to >10 Tg in spring. Over Southeast Asia the change is even more dramatic from $2 Tg in summer and fall to $7 Tg in spring. Biofuel and biomass burning emissions of CO from both regions comprise a large fraction of the total CO emissions throughout the year. For example, during the winter-spring burning season, biofuels and biomass burning constitute $90% of the total CO emissions. Inefficient combustion at low temperatures in domestic cook stoves with a biofuel feedstock results in large emissions of CO. In contrast, these low temperatures prevent the formation of thermal NO x , leading to comparatively smaller NO x emissions.
GCTM Meteorology Over the Indian Ocean
[15] As mentioned previously, the winter-spring mean flow over the Indian Ocean north of the ITCZ is mostly north to northeasterly in the boundary layer changing rapidly to westerly in the middle and the upper troposphere north of 20°N. In the GCTM, the monsoonal flows (both winter and summer monsoon) have been shown in the past to be adequately reproduced [Manabe and Holloway, 1975; Hahn and Manabe, 1975] . Moreover, the GCTM wind flows are generally consistent with climatological mean observations from Oort [1983] and a 40 year average of the NCEP winds. Here we focus our attention only on the winter monsoon.
[16] Model surface streamlines for February are shown in Figure 2 . The simulated intertropical convergence zone (ITCZ) over the Indian Ocean can be clearly seen at $5 o S. Our model captures the observed [Krishnamurti et al., 1998 ] surface inflow to the ITCZ over the Arabian sea, Bay of Bengal and Southeastern Indian Ocean. As depicted in Figure 2 , surface flow over the Arabian Sea transports air masses mostly from South Asia. In contrast, surface flow over the Bay of Bengal brings air from both eastern-northeastern India, Bangladesh and Southeast Asia to the ITCZ.
[17] Since the intensive field campaign of INDOEX occurred in 1999, we compare our model's monthly mean streamlines with NCEP analysis for 1999 in Figure 2 . In general the model's surface streamlines for February are consistent with the 1999 NCEP analysis, which shows similar equatorward continental outflow from both South and Southeast Asia and an ITCZ between 5°S and 10°S. The ITCZ eddy feature south of India in the NCEP 1000 mbar analysis represent a region of very weak winds. In the lower troposphere, the flow patterns and the shift from easterly to westerly flow observed in the NCEP data, as well as the northeasterly flow over Southeast Asia, are generally matched by the model, though the GCTM's westerly flow is slightly more equatorward.
[18] From the above discussion we see that the GCTM winds capture most of the observed mean flow behavior in the lower troposphere during February 1999 in the study region. Unlike the springtime outflow at midlatitudes (e.g. East Asia) where large-scale synoptic systems are responsible for long-range transport of pollutants in the middle troposphere [e.g., Yienger et al., 2000] , we will show that subtropical monsoonal transport of pollution is dominated by continental boundary layer outflow toward the ITCZ.
Model Evaluation
[19] Results from previous model simulations have been compared extensively with global data sets obtained from a variety of surface-based and upper air platforms. Model CO has been shown to compare favorably with surface measurements from the NOAA/CMDL cooperative flask sampling network (93% of seasonally averaged data points within +25%) and aircraft data from the NASA Global Tropospheric Experiment (GTE) (79% of regionally averaged data points within +25%) [Holloway et al., 2000, and references therein] . The simulated NO x fields are in reasonable agreement with observations from aircraft, primarily data from the NASA Global Tropospheric Experiment (GTE) ($50% of the regionally averaged comparisons within +25% error limits, and $75% within +50% error limits), show no systematic global biases and exhibit the observed vertical profiles in the troposphere [Levy et al., 1999, and references therein] . Ozone comparisons with over 300 seasonal observations from over 30 ozonesonde sites, 12 surface sites, and the Transport and Atmospheric Chemistry Near the Equatorial Atlantic (TRACE-A) aircraft mission find almost 90% of the simulated seasonal values in the boundary layer and free troposphere agreeing to within +25% with the observations [Yienger et al., 1999; Levy et al., 1997] .
[20] Regional evaluations over the South Atlantic , North Pacific [Yienger et al., 2000] , and the tropical biomass burning regions all found that the CO, NO x and O 3 simulations were realistic. While there is a paucity of long-term data available for the region currently being studied (South Asia, Southeast Asia, and the Indian Ocean), we make comparisons with what is available. We also include O 3 and CO data from the INDOEX field campaign, though it should be cautioned that the INDOEX data is for a specific period, winter-spring 1999, and is not a climatology.
CO Comparisons
[21] Among reactive trace gas measurements in the region under study, those of carbon monoxide and ozone are most reliable. Because its sources and chemical sink are relatively simple, we will first focus on CO. Monthly mean mixing ratios are available for Mahe Island, Seychelles (4.7°S, 55.5°E) in the Indian Ocean from the NOAA/ CMDL cooperative flask sampling network (see Figure 3 , taken from Holloway et al. [2000] ). The simulation in black, which can be seen amongst the multiple years of observations, clearly reproduces the observed magnitude and seasonal cycle at this site. Both model results and observations exhibit a winter maximum and summer minimum with a peak to peak amplitude of $70 ppbv, which is dominated by the contribution from biomass burning (green line).
[22] Data from aircraft sampling of carbon monoxide during the INDOEX IFP-99 (http://www.joss.ucar.edu) are shown in Figure 4 . We have aggregated all measurements from 11 flights within the following volume [3.5°N -6.5°N and 72°E -75°E] that surrounds Kaashidhoo. The boundary layer measurements exhibit particularly large variability in March with standard deviations (S.D.) of $±100ppbv, and with the mean CO exceeding 200 ppbv. In contrast, aircraft CO measurements in February are much less variable. While there is a considerable overlap of measured and simulated S.D.'s, the observed S.D.'s are significantly larger. Comparison of the aircraft CO monthly means with model data reveals an under prediction in the lower troposphere, with model monthly means ranging between 150 and 200 ppbv in the marine boundary layer and 100-125 ppbv in the middle troposphere.
NO x Comparisons
[23] We could not make a similar model evaluation of NO x against observations owing to lack of a consistent good quality data for NO x over the Indian Ocean. This can also be verified against the data composites from Emmons et al. [1997] and [2000] . NO x data during the INDOEX IFP-99 and the pre-INDOEX period was too sporadic in space and time to make a detailed comparison with simulated data. In a plot of NO and NO 2 versus julian day for samples taken aboard the R/V Malcolm Balridge, Rhoads et al. [1997] show NO and NO 2 mixing ratios in the 10-20 pptv and 40-50 pptv range, respectively, on julian days when the ship was close to the Indian coast. A visual comparison with simulated NO x in the marine boundary layer over the North Indian Ocean (Standard in Figure 9 ) exhibit similar values. Upper tropospheric NO x measurements were performed on passenger aircrafts under the Swiss NOXAR project. Some of the flights in this project sampled upper tropospheric NO x over [25] Also shown in Figure 5 are the vertical profiles of simulated and observed ozone for Hong Kong (22°N,  114°E) . The ozone data (57 ozonesondes) was obtained from S. J. Oltmans (personal communication) for the period 1994-2000. Except for a modest positive model bias in the boundary layer and upper troposphere, simulated and observed O 3 exhibit excellent agreement throughout the troposphere. Compared with the Indian ozonesondes, there is much less variability in both simulated and measured O 3 .
[26] Ozonesondes were launched regularly over Kaashidhoo (5°N, 73.5°E) presented in Figure 6 . The February overlap is very good, while the January and March simulated profiles show overestimations of 10 -20 ppbv above 500 mb, in contrast with the overestimations in Figure 5 . These overestimations at Kaashidhoo may be attributed to the O 3 sonde measurements carried out very frequently only during spring 1999 and thus reflecting effects of time-specific emissions and meteorology. In contrast, the O 3 sonde measurements in Figure 5 were for several years and thus minimize any bias from an individual time period. The other major disagreements are found in the lower troposphere. The GCTM produces a maximum in the boundary layer, which is not generally observed in February and March, and does not simulate the observed March O 3 maximum at 800 mb. This maximum was also observed for some pollutants during the aircraft sampling of INDOEX IFP-99, particularly in March. It was attributed to a ''residual pollution layer'' originating from the Indian continental boundary layer [Reiner et al., 2001 ], a high resolution feature that the GCTM is unable to simulate. On the other hand, the March aircraft sampling of CO found at most a slight bump at 800 mb with the CO maximum in the marine boundary layer as simulated by the GCTM.
[27] Aircraft sampling of ozone was also carried out during February and March 1999 in the vicinity of Kaashidhoo and their monthly means and S.D.'s are presented in Figure 6 as the dashed lines. The February GCTM and ozonesonde O 3 agree more closely with each other than either agrees with the aircraft observations. Above 700 mb, the O 3 mixing ratios measured from aircraft in February drop to <10 ppbv, while both the model O 3 and the ozonesonde observations remain in the 40 ppbv range. In March neither the GCTM nor aircraft mean O 3 profiles show an 800 mb maximum, though some individual flights do exhibit a local maximum at $800 mbar with values exceeding 45 ppbv. The vertical profiles of O 3 from aircraft measurements in the vicinity of Kaashidhoo exhibit considerable variability from one flight to another and have little in common with the Kaashidhoo ozonesondes. The large differences in the aircraft O 3 and model O 3 can be attributed to the fact tha the aircraft data was averaged over a number of flights on different days crossing the model grid box over Kaashidhoo. We believe the low O 3 sampled by the aircraft must be originating from a clean mass of air. One would have to conduct actual back trajectory analyses on the sampled aircraft data to understand the origin of the clean versus polluted air. This analyses is beyond the scope of the current work since in this manuscript we are examining climatological features.
[28] In general the GFDL GCTM captures the basic features in the ozonesondes over India and over Kaashidhoo, though the aircraft observations of O 3 do not particularly agree with either model or ozonesonde. It was generally concluded from the IFP-99 that the JFM ozone levels over India were unusually low, by as much as 15-20% from the 1998 values, in agreement with the general quasi-bienniel variation [Mitra et al., 2000] . This may explain part of the apparent bias between the model and surface observation, as well as between climatological and IFP-99 observations.
Model Simulations
[29] From the previous discussion, we see that the GCTM simulations capture most of the features observed in measurements over South Asia and the neighboring Indian Ocean, with the major exceptions being the March 800 mb O 3 bulge and the elevated boundary layer CO, both at Kaashidhoo. We argue that the model simulations of O 3 , and CO are realistic enough to explore in detail the largescale features of their distributions over the region and to examine the geo-political source regions that influence the tropospheric composition over the Indian Ocean during the winter monsoon.
[30] Specifically, we present analyses which separately examine the impact of emissions from South Asia and Southeast Asia on air quality over the Indian Ocean. Emissions were turned off separately and those simulations then subtracted from a base case with all anthropogenic sources to produce the contributions from the two source regions to total CO, NO x and O 3 levels. The same base-state linear chemistry is used for all NO x and CO simulations to avoid unintentional and inappropriate chemical feedbacks and to provide an unambiguous answer. [31] The identification of the two source region's contribution to the total O 3 level is more complex. It is not possible to unambiguously identify those O 3 molecules produced by a particular regions emissions, as we can for NO x and CO. O 3 chemistry depends nonlinearly on NO x and CO levels [see Klonecki and Levy, 1997, Figures 1 and 10] , O 3 formation can be a product of precursors and radicals from different regions, and it is not possible to maintain the same chemistry for O 3 simulations with differing CO and NO x emissions. What we can present is the change in O 3 when a particular region's emissions are shut down.
Regional CO Distributions
[32] We first focus on CO, which, with its relatively long chemical lifetime of a month or more [e.g., Holloway et al., 2000] , is an excellent tracer for identifying the key transport paths and processes that apply to all trace species in the region. Large-scale features of the simulated mean JFM CO levels over the region of interest are presented in Figure 7 for 315 mb, 685 mb and the boundary layer (mass weighted average of the lowest three model levels). The first column (Standard) presents the total CO, the 2nd column (SAsia) is for % CO from surface pollution of South Asia, and the 3rd column (SEAsia) is for % CO from surface pollution of Southeast Asia.
[33] Simulated boundary layer total CO over South and Southeast Asia and the northern Indian Ocean generally exceeds 150 ppbv (simulated levels are >300 ppbv over Southeast China). Because of widespread biomass burning over Southeast which peaks in March, simulated total CO mixing ratios increase from January to March and are in the 400 -600 ppbv range in March. A clear transition between the polluted and pristine boundary layers is evident between the equator and 10°S, the location of the Indian Ocean ITCZ during this time of the year, with total CO mixing ratios south of the ITCZ dropping to 50-70 ppbv. This boundary layer picture is consistent with observations from INDOEX . In the lower troposphere at 685 mbar, total CO levels over most of the NH portion of the region are 100-150 ppbv and display the general background gradient. East Asia is an exception with the lifting of surface pollution by synoptic-scale systems as well as local convection producing higher levels (150-250 ppbv). In the upper troposphere [315 mb] the most distinctive feature is a maximum total CO stretching from the ITCZ to 20°N that is explained below.
[34] Also shown in Figure 7 are the individual % contributions to total CO from South and Southeast Asian CO emissions, which, as discussed previously in Figure 1 , are dominated by biomass burning. In the boundary layer, South Asian CO contributes 30-50% of the total CO over the source region, the Arabian Sea, and the western Bay of Bengal with the fraction increasing to 80% in the 990 mb level. Southeast Asian CO emissions make a similar contribution over their source region and contribute 20-30% over the western tropical Pacific and the eastern Bay of Bengal. Over the western Bay of Bengal, most observed CO is emitted from the Gangetic plains of India and transported via the ''Gangetic Plume'' as discussed in INDOEX . While the GCTM can not resolve this high resolution detail, it does capture the continental outflow over the Bay of Bengal. Moving south over the Indian Ocean, the contributions from South and Southeast Asian generally drop to 10 -20% at the ITCZ. It is interesting to note that, while each pollution region has a separate area of maximum impact over the Indian Ocean, the sum of their impacts is relatively constant across the equatorial Indian Ocean. Our model results agree closely to the modeled surface and upper tropospheric biomass burning CO from India and Southeast Asia from the work of de Laat et al. [2001] . A detailed discussion of the contributions from other CO sources is provided by Holloway et al. [2000] .
[35] A distinct lowering of the influence of surface emissions is seen as we move up in the troposphere. At 685 mbar, the CO attributed to the South and Southeast Asian sources constitute $30% of the total CO over the source regions as well as 10-20% over the western and eastern portions of the Indian Ocean, respectively. The one exception is over southern China and the eastern Pacific where Southeast Asian CO contributes more than 30%. This flow of CO from biomass burning in Southeast Asia is consistent with an earlier analysis of springtime air quality observations in Hong Kong [Chan et al., 2000] .
[36] In the upper troposphere (315 mb), there is a maximum influence (10 -20%) from both source regions over the tropical Indian Ocean. In association with the lowlevel continental outflow, CO from South and Southeast Asia is carried southward in the marine B.L. to the ITCZ, where, due to its low solubility in cloud water, it is efficiently transported aloft by strong local convection. The pollution CO is then carried north and south in the upper tropospheric outflow while slowly spreading westward in the upper level easterlies. These local maxima of South and Southeast Asian CO, which are clearly disconnected from the source regions, produce the 315 maximum noted earlier.
[37] To examine the 315 mb total CO maximum in more detail, we focus in Figure 8 on a local equatorial CO time series at 60°E which is located in a region of maximum South Asian impact. Total 315 mb CO, which is plotted at the top, exhibits a winter-spring maxima with increased variability and a number of large spikes, particularly around Julian day 45. The middle time series shows the background 315 mb CO, which excludes pollution CO from South Asia. It also has a winter-spring maxima, but has much reduced variability. The bottom time series is for the same location at 315 mb, but includes only pollution CO from South Asia. It has a number of high frequency spikes of a very high relative amplitude, again with a winter-spring maximum. While similar winter-spring events of pollutant CO have already been simulated in the mid and upper troposphere at midlatitudes over the North Pacific [Yienger et al., 2000] , they arose from synoptic-scale systems which are absent in the tropics. We believe that the large South Asian CO spikes in Figure 8 identify an important seasonal transport path from South Asia to the tropical upper troposphere. The winter-spring monsoon produces a maximum in continental outflow of seasonal pollutants, while intermittent convective transport drives the high variability seen in the tropical 315 mb time series.
[38] While the primary focus of this paper is the Indian Ocean region, there is another transport path that features Southeast Asian emissions. Lower tropospheric flow (see 835 mb streamlines in Figure 2 ) carries emissions from Southeast Asia northeastward, along with southern China emissions, into eastern China where both are then transported in a midlatitude plume over the eastern North Pacific. This Southeast Asian CO plume then continues in the middle troposphere across the North Pacific, North America and out over the North Atlantic (not shown in Figure 7 ). This transport path was previously discussed in a simulation paper by Yienger et al. [2000] as well as in an observation and analysis paper by Chan et al. [2000] .
Regional Distributions of NO x
[39] The winter-spring (JFM) NO x fields in Figure 9 retain many of the transport derived patterns displayed by CO in Figure 7 . However, in the lower troposphere the gradients are stronger, as are the continental source impacts over the Indian Ocean. This is due to a much shorter chemical lifetime for NO x ($1 day) and a lack of significant sources over the Indian Ocean . The total B.L. NO x field decreases from >500 pptv over the continental source regions to 20 pptv at the equator, while the N-S gradient at 685mb for total NO x (100pptv to <20 pptv) is somewhat weaker. There is no tropical maximum at Figure 8 . Time series of total CO, background CO and South Asian CO over the Western (60°E, 0°N) Indian Ocean at 315 mb. Background CO is the difference between the total CO and South Asian CO. 315 mb as there was for CO. A relatively high NO x (>100 pptv) at 315 mb over Indonesia is seen in Figure 7 . Referring to Plate 1 of Levy et al. [1999] , during DJF at 315 mb, the dominant source of NO x over Indonesia is lightning. Moreover, $25% of surface NO x emissions are also convected in the upper troposphere over Indonesia [see Levy et al., 1999, Figure 9] . In our modeling, we assume Indonesia to be tropical Asia and hence it has not been included in Southeast Asia.
[40] The relative impacts of South and Southeast Asian NO x are significantly larger than they were for CO in the northern Indian Ocean, though not as widespread. Over half of the NO x in the B.L. and 10-30% at 685 mb over the Indian Ocean north of the equator were emitted in South and Southeast Asia and transported equatorward in the low level continental outflow discussed previously. Just as for CO, there is also a strong lower tropospheric transport of Southeast Asian NO x to eastern China and out over the eastern North Pacific. In the upper troposphere, however, the contribution from surface NO x emissions is much smaller and more confined than it was for CO. While both species are insoluble in water, the relatively long transport times required to reach convective regions such as the ITCZ and the short chemical life time of NO x results in little continental NO x being available for convective transport, though there is still a small signature at 315 mb. The dominance of long range transport from the South and Southeast Asian source regions by low level flow in the warm MBL precludes a significant role for the indirect transport of NO x by PAN.
Regional Distributions of O 3
[41] The forces controlling O 3 are much more complex than are those determining the distributions of CO and NO x . All three species experience the same two primary transport mechanisms discussed earlier: 1. Low level continental outflow over the Indian Ocean to the ITCZ followed by convective lifting; 2. Northeastward transport from Southeastern Asia to southern China and the western Pacific with both convective and large-scale lifting into the lower and mid troposphere. However, besides direct production in the polluted continental B.L., O 3 has a chemical source in the background troposphere, which is strongly modulated by transported NO x , and a strong episodic injection of O 3 from the stratosphere.
[42] The overall horizontal patterns in the lower troposphere for the winter-spring (JFM) total O 3 fields shown in Figure 10 generally fall between those found for NO x and CO. This reflects a common N-S gradient in B.L. emissions for all three species and O 3 's intermediate lower tropospheric lifetime ($1 week). In the B.L., total O 3 levels south of the ITCZ are <20 ppbv increasing to >40 ppbv north of 5°N. However, unlike CO and NO x , O 3 mixing ratios increase with height throughout the troposphere while maintaining an equator to pole gradient. In the tropical upper troposphere there is an O 3 minimum where, unlike CO, the normal latitudinal O 3 gradient is reinforced by convective transport of lower O 3 mixing ratios from the tropical MBL.
[43] The impact of South and Southeast Asian emissions on O 3 is dominated by NO x emissions which have comparable contributions from both fossil fuel combustion and biomass and biofuel burning. There are two major roles played by these emissions: 1. The production of O 3 (later called pollution O 3 ) in the emission region followed by its export; 2. The export of NO x by low level continental outflow over the Indian Ocean to change the net chemical tendency for O 3 in that region from destruction to production. For Southeast Asian emissions there is also transport over eastern China and out over the eastern Pacific. As can be seen in Figure 9 , the winter-spring NO x levels are maintained at >100 pptv all the way to 5°N in the B.L. [44] Interestingly, the maximum contributions to B.L. ozone from both source regions, particularly from South Asia with a >30% contribution, are out over the tropical Indian Ocean, rather than simply spreading from the continental source regions. The localized B.L. maxima result from the lower tropospheric transport mechanisms for both source regions, consisting of subsidence over the source region with low level outflow into the Indian Ocean B.L. to the ITCZ. The outflow from South Asia carries O 3 produced in the source regions into the marine B.L. along with NO x that maintains net O 3 production down to $5°N. Over the source regions the impact of pollution, though not the actual concentration of O 3 , is diluted by elevated background O 3 from the free troposphere transported in down-slope flow from the north (Himalayan plateau region). As a result, the maximum contribution from South and Southeast Asian emissions occurs out over the Indian Ocean, not over the source regions.
[45] While the patterns are unchanged, South and Southeast Asian contributions to O 3 decrease with altitude. Although there is a minimum for total O 3 , local maxima in O 3 from South and Southeast Asian emissions are seen in the 315 mb panel of Figure 10 in the same locations found for CO. This is consistent with our hypothesis that strong convection lifts transported surface pollution into the upper troposphere over the equatorial Indian Ocean.
[46] Further detail is provided by a simulation that separately labels the O 3 produced in the polluted continental boundary layer. While it is impossible to directly identify and quantify an individual contribution with available observational data, we can do so with our GCTM (see Moxim and Levy [2000] for numerical details). The mean JFM distributions of O 3 chemically produced in the polluted South and Southeast Asian continental boundary layer are shown in Figure 11 . Note that this is only one component of the total impact of South and Southeast Asian emissions on tropospheric O 3 . We first consider the boundary layer. Even over the polluted continent, less than 25% of the total O 3 results from local chemical production, which implies a large fraction being supplied from the free troposphere. Further note that, at the equator, O 3 chemically produced in the polluted continental boundary layer only accounts for $15% of the total, while Figure 10 shows surface emissions from South and Southeast Asia suppling $30% of the total. This is consistent with the surface emissions both producing O 3 locally and supplying precursors for O 3 production in the continental outflow. At 315 mb, pollution O 3 exhibits a tropical maximum and supplies $10% of the total 315 mb O 3 in the same location where South and Southeast Asian emissions have already been shown (see Figure 10 ) to be responsible for a similar percentage. This is consistent with convective lifting of the pollution O 3 and with the fact that 315 mb O 3 chemistry is not significantly affected by the small amount of pollution NO x lifted to that level (see Figure  9 ). This behavior of pollution O 3 is a further consistency check of the transport mechanism we have proposed.
[47] Again, as seen for CO and NO x , the impacts of South Asian pollution on O 3 are primarily confined to the Indian Ocean region, while the impact of Southeast Asian pollution, albeit somewhat weaker over the Indian Ocean, stretches in a midlatitude lower tropospheric plume (5 -10%) across the North Pacific. Unlike CO, the O 3 plume does not reach across North America and the North Atlantic, since both it and its primary precursor, NO x , have much shorter lifetimes.
Conclusions and Summary
[48] In this study, we employed the GFDL GCTM to examine the role of South and Southeast Asian anthropogenic emissions in the continental outflow of pollution to the Indian Ocean during the winter-spring transition (Jan- uary, February and March), a period of maximum surface emissions from both South and Southeast Asia. During this period, surface emissions of CO are mostly from biomass burning activities over the two regions, while surface NO x emissions arise almost equally from biomass burning and fossil fuel combustion. The model's agreement with the Seychelles CO surface climatology was excellent, while agreement with aircraft measurements of CO from INDOEX in 1999 was favorable in the middle troposphere with a low model bias in the boundary layer. Model simulations of the vertical O 3 structure over South and Southeast Asia was generally realistic with both GCTM and sonde O 3 mixing ratios increased from 40-50 ppb in the boundary layer to >100 ppb at the tropopause. Over Kaashidhoo, GCTM O 3 profiles and O 3 sonde data from INDOEX exhibited a good overlap in February. However, the model over predicted the O 3 sonde observations in the middle and upper troposphere in January and March. Aircraft measurements of O 3 in the vicinity of Kaashidhoo during March and February did not agree with either the GCTM simulations or the ozonesonde observations.
[49] Our analysis on the evolution of pollution from the South and Southeast Asia can be summed up in the following paragraphs.
1. Simulated CO at the surface over the Indian Ocean is in the 50-300 ppb range with high values closer to land and the lowest mixing ratios over the equatorial Indian Ocean. The combined contributions of South and Southeast Asian surface emissions to surface CO levels range from 20-50%. CO over the Arabian Sea originates mainly from South Asia, while over the Bay of Bengal CO comes from Southeast Asia.
2. In the upper troposphere, both South and Southeast Asian CO contribute 10-20% to a local maximum over the equatorial Indian Ocean. This is the result of low-level continental outflow coupled to strong convection around the ITCZ and represents an important seasonal transport path from South Asia to the tropical upper troposphere.
3. Because of the very short lifetime of NO x , surface NO x exhibits a very strong gradient (<20 pptv to >500 pptv) from the equator to sub-tropical Asia and also a strong decrease of South and Southeast Asian NO x from the surface to the upper troposphere.
4. South and Southeast Asian emissions exhibit a maximum contribution to boundary layer O 3 (>30%) over the ocean rather than over source regions, with both direct transport of pollution O 3 and O 3 produced from transported precursors contributing. Both O 3 and NO x contributions from South and Southeast Asia exhibit an equatorial maximum in the upper troposphere as did CO, lending credibility to the proposed upper tropospheric transport path driven by continental outflow coupled to tropical convection.
5. While the impacts of anthropogenic emissions from South Asia during winter-spring is mostly restricted to the Indian Ocean region, Southeast Asian emissions have influence over both the Indian Ocean and the North Pacific Ocean. This implies a greater spatial influence for Southeast Asian emissions on global air quality, photochemistry and radiation balance.
[50] Since both South and Southeast Asian emissions are projected to grow significantly in the future, long term measurements are needed over the Indian Ocean, Arabian Figure 11 . The percent contribution of O 3 produced in the polluted boundary layer [Pollution O 3 ] to the total O 3 .
Sea and the Bay of Bengal to better constrain regional and global atmospheric chemistry and transport models. Intensive TRACE-P type measurements campaigns during the winter-spring outflow season over the Indian Ocean are needed to quantify the export of pollutants to the tropical troposphere and across the ITCZ. 
